Introduction
Bronchopulmonary dysplasia (BPD) is a chronic lung disorder that generally occurs in infants with prematurity treated with an artificial ventilation and oxygen therapy for acute respiratory failure. Severe BPD may result in chronic pulmonary PAH and grading its severity. 9) However, it is an invasive procedure with significant complication rate, particularly in low body weight children. It is not suitable for evaluating PAH in infants with BPD. 10)11) Therefore, echocardiographic assessments of PAH and RV dysfunction have been used in infants with BPD. 9)12) By echocardiography, estimated systolic pulmonary artery pressure (sPAP) from tricuspid regurgitant jet velocity (TRJV) measurement is a useful parameter for evaluating PAH.
3)4) However, one study has found a poor association between echocardiographic and cardiac catheterization measures of sPAP in infants with BPD. 9) Although traditional echocardiographic methods such as RV ejection fraction and fractional change are widely used to evaluate RV dysfunction, these measurements are difficult due to the complex geometry of RV in small infants. 3) Pulse Doppler (PD)-derived myocardial performance index (MPI) has been proposed as a useful predictor of global myocardial performance [13] [14] [15] as it measures combined systolic and diastolic function of the ventricles. It is a useful prognostic indicator in patients with congenital and acquired cardiac disease. 16 )17) Moreover, tissue Doppler (TD) imaging (TDI)-derived MPI simultaneously measures both contraction and relaxation velocities from the myocardium. 18) 19) that correlate with cardiac catheterization assessments of cardiac systolic and diastolic dysfunction of the RV. It is a prognosis predictive tool for RV dysfunction in patients with primary PAH. 20) One recent study in 21 infants with BPD has revealed that clinical severity of BPD is correlated with elevated RV E/E' ratio (E: early tricuspid inflow velocity; E': early tricuspid TD velocity) by TDI-MPI and abnormal left ventricular (LV) MPI. 12) However, the main limitation of that study was that a relatively small sample size was used. In addition, they did not measure normal infants without BPD. Therefore, the objective of this study was to determine whether echocardiographic parameters such as TDI derived MPI measurements could provide sensitive measures for RV dysfunction that correlates with the severity of BPD.
Methods

Patients
We enrolled 45 patients diagnosed with BPD who were hospitalized at Chonnam National University Hospital from July 2010 to June 2012. Definition and grading of BPD was based on the Jobe Bancalari criteria as there was oxygen supplementation at 36 weeks of corrected gestational age in an infant who was at least 28 days old. 1) We also enrolled 28 infants without BPD during the same period as controls. Patients with other primary diseases that could influence respiratory or cardiac function such as genetic disorders and congenital heart disease were excluded from this study. Patients with BPD were classified as mild, moderate, or severe BPD based on the NICHD/NHLBI/ORD workshop definition of BPD. 
Echocardiography
Echocardiographic studies were performed at 35-37 weeks of corrected gestational age using M-mode, cross-sectional, color, and PD modalities with an 8-12 MHz transducer system (iE33 system, Philips Medical Systems, Best, the Netherlands).
The percent change in LV dimension of fractional shortening (FS) was calculated as: LV%FS = [(LVDd -LVDs) / LVDd] × 100, where LVDd was the LV dimension at end-diastole and LVDs was the LV dimension at end-systole. LV ejection fraction was calculated using the Teichholz method. 21) Measurements of tricuspid velocity at the leaflet tips and TD tracings obtained on the RV free wall (RV TDI-MPIs) and the interventricular septum (septal TDI-MPIs) at the level of tricuspid valve annulus were performed from an apical four-chambered view (Fig. 1) . RV MPI was estimated from tricuspid valve inflow and pulmonary valve outflow Doppler images. The time from cessation to the beginning of tricuspid inflow (a) and RV ejection time (b) were measured. RV MPI was calculated using the following equation: RV MPI = (isovolumic contraction time + isovolumic relaxation time) / ejection time = (a -b) / b. 22) TDI-MPI was calculated from TD traces. Annular motion was recorded over at least three cardiac cycles at a sweep speed of 100 mm/sec.
12)
Statistical analysis
Echocardiographic and clinical measures were compared between groups by one-way analysis of variance with the Kruskall-Wallis method and linear regression with a p value < 0.05 considered to be statistically significant. Data are expressed as mean ± standard deviation. Statistical analysis was performed using SPSS ver. 18.0 software (SPSS Inc., Chicago, IL, USA).
Results
Patient characteristics
The demographic and clinical characteristic of patients used in this study are summarized in Table 1 . Patients with BPD consisted of 21 boys and 24 girls with a mean gestational age of 27.7 ± 1.4 weeks. The mean corrected gestational age at the time of echocardiographic measurements was 36.6 ± 2.3 weeks. Among the 45 patients with BPD, 28 had mild BPD, 11 had moderate BPD, and 6 had severe BPD. The 28 patients without BPD (non-BPD group) consisted of 14 boys and 14 girls with mean gestational age of 29.4 ± 1.1 weeks. Their mean corrected gestational age at the time of echocardiograph-ic measurements was 35.7 ± 2.2 weeks. Although gestational age and birth weight of the BPD group at birth were smaller than those of the non-BPD group, no significant difference in corrected gestational age or body weight was observed at the time of echocardiography. The mean number of mechanical ventilation days in the mild or moderate BPD group was higher than that in the non-BPD group (mild BPD: 24.8 ± 13.6 days; moderate BPD: 22.0 ± 17.8 days vs. non-BPD: 5.0 ± 4.6 days, p < 0.01, p = 0.01 vs. non-BPD, respectively). The mean number of oxygen treatment days in the mild, moderate, or severe BPD group was higher (p < 0.01) than that in the non-BPD group. The mean SpO 2 at the time of echocardiographic evaluation were 94.8 ± 1.6% (moderate BPD) and 94.3 ± 1.9% (severe BPD) under supplement oxygen. The mean heart rate was not significantly (p > 0.05) different according to the severity of BPD. All patients had normal sinus rhythm. Diuretics and postnatal steroids were used in the moderate and severe BPD groups (Table 1) . Among patients in the severe BPD group, 3 deaths (50%) were observed. The first patient received a tracheostomy at 60 days after birth because mechanical ventilator weaning failed. The patient died from sepsis at 132 days after birth. The second patient received sildenafil due to persistent and aggravated PAH although they received oxygen treatment 4 months after birth. The patient was admitted to intensive care unit (ICU) for mechanical ventilator care during the sildenafil and oxygen treatment due to aggravated dyspnea. The patient died on hospital day 8. The third patient was weaned from oxygen after improvement in BPD. However, this patient was admitted to the ICU at 4 months after birth due to acute respiratory difficulty caused 
Echocardiographic findings
Results of LV function by standard M-mode echocardiography, tricuspid regurgitant (TR) pressure gradient, and PD-MPI in the three groups are shown in Table 2 . The mean LV FS values in the non-BPD, mild BPD, moderate BPD, and severe BPD groups were 36.6 ± 6.1, 38.6 ± 5.8, 33.3 ± 6.8, and 40.8 ± 9.2%, respectively. The mean LV ejection fractions in the non-BPD, mild BPD, moderate BPD, and severe BPD groups were 69.5 ± 7.7, 72.1 ± 7.4, 64.9 ± 9.1, and 74.1 ± 11.7%, respectively. The mean TR pressure gradients in the non-BPD, mild BPD, moderate BPD, and severe BPD groups were 12.5 ± 8.9, 14.4 ± 7.6, 13.3 ± 11.6, and 8.8 ± 6.3 mm Hg, respectively. The mean PD-MPI values in the non-BPD, mild BPD, moderate BPD, and severe BPD groups were 0.26 ± 0.12, 0.28 ± 0.11, 0.36 ± 0.17, and 0.37 ± 0.21, respectively. No significant difference was found in LV FS, LV ejection fraction, TR pressure gradient, or PD-MPI between groups.
TD echocardiographic findings are summarized in Table  3 . No significant difference in E/E' ratio was observed between groups. The mean septal TDI-MPI of the severe BPD group (0.68 ± 0.06) was higher than that of the non-BPD group (0.58 ± 0.10, p < 0.01) or the mild BPD group (0.59 ± 0.12, p < 0.01). Moreover, the mean RV TDI-MPI of the severe BPD group (0.71 ± 0.13) was higher than that of the non-BPD group (0.56 ± 0.08, p < 0.05) or the mild BPD group (0.60 ± 0.12, p < 0.05) ( Table 3 , Fig. 2 ). However, mean septal TDI-MPI and RV TDI-MPI of the moderate BPD group were not significantly different from that of the non-BPD group or the mild BPD group.
Results of linear regression analysis demonstrated a significant correlation between BPD category and RV TDI-MPI (R = 0.30, p = 0.01, y = 0.04x + 0.55). The correlation between BPD category and septal TDI-MPI was also significant (R = 0.24, p = 0.04, y = 0.03x + 0.56) (Fig. 2) .
No significant difference in mean LV ejection fraction (72.6 ± 16.2%), TR pressure gradient (8.0 ± 3.6 mm Hg), PD-MPI (0.28 ± 0.14), septal TDI-MPI (0.66 ± 0.02), or RV TDI-MPI (0.77 ± 0.13) was observed between patients (n = 3) who died and those with severe BPD who did not die.
Discussion
In the current study, BPD severity was correlated with increased septal and RV TDI-MPI. The increase in RV TDI-MPI was found without a change in shortening fraction. Thus, our findings may be an earlier marker of cardiac dysfunction compared to traditional echocardiographic measurements that can change with the development of PAH.
PAH is a complication of premature neonates with BPD. Recent studies have increased the awareness that PAH can worsen the clinical course, morbidity, and mortality of BPD.
3-5)23) Retrospective studies of infants with BPD-associated PAH have reported mortality rates of 14-38%. 24)25) PAH is not just an advanced BPD marker. High pulmonary vascular resistance also can result in poor RV function with impaired cardiac output and increased pulmonary edema as a possible risk factor of sudden death. With strong correlations between PAH and survival of patients with BPD, early detection of PAH may provide useful prognostic parameter and allow earlier introduction of more appropriate respiratory support, cardiac medications, pulmonary arterial vasodilators, and surgical procedures to improve the outcomes. 26) Echocardiography is non-invasive and widely available. It is currently the most commonly used screening modality for PAH in infants with BPD. TRJV is used to estimate sPAP. It represents the most common and reliable method to evaluate the presence and severity of PAH.
3-5)23) Alternatives to measuring TRJV include assessing flattening of the interventricular septum, accelerated pulmonary regurgitation velocity, right atrial enlargement, or RV hypertrophy and dilation. One study demonstrated the utility of echocardiographic evaluation of PAH in infants with BPD. 9) They showed that echocardiography can fail to detect measurable TRJV in a significant number of high-risk patients and that the absence of TRJV does not rule out the presence of severe PAH. 9) We found no association between TRJV and BPD severity. In our study, 3 infants died in the severe BPD group. Two died during the follow-up period. Their deaths were attributed to PAH. However, echocardiographic parameters including PD and TDI-MPI performed at 35-37 weeks of corrected gestational age did not provide prognostic information for the risk of death.
RV MPI is the most powerful Doppler parameter that has distinguished 26 patients with primary pulmonary hypertension from 37 healthy individuals. 27) One important limitation of this method is that it will limit the reliability in the presence of heart rate variation because the distance between the end and the onset of mitral inflow and ejection time was measured consecutively, not on the same heart cycle. 28) In contrast, with the introduction of a modified index using TDI, we could measure the contraction and relaxation velocities simultaneously. 18) Various TD measurements are correlated with RV dysfunction as measured by cardiac catheterization in adults with pulmonary hypertension. [29] [30] [31] [32] Normative data for TD measurements have been published for children and fetuses. However, few data are available for children with pathology. [33] [34] [35] [36] One study in 21 infants with BPD has revealed that the clinical severity of BPD is correlated with an elevated RV E/E' ratio by TDI-MPI. That study also revealed abnormal LV MPI. However, the RV and septal MPI were not correlated with BPD severity.
12)
The limitations of our study include the relatively small sample size and its retrospective design. In addition, we could not obtain MPI parameters blindly to the severity of BPD. Moreover, TDI from the apical four-chamber view only accounts for cardiac movement within one dimension. It does not account for translational or circumferential movement. It could be affected by tracing angle position and heart rate. Furthermore, we did not measure tricuspid annular plane systolic excursion correlated with RV systolic function. We did not obtain data for LV diastolic function such as E, A, and E deceleration time through mitral inflow pulsed Doppler either. In addition, we did not check chorioamnionitis in our study, although it can contribute to the development of BPD. We did not check the development of pulmonary hypertension which can be associated with RV dysfunction after the diagnosis of BPD.
Nonetheless, our results revealed that an echocardiographic evaluation of RV function based on assessing the RV TDI-MPI could provide information on RV dysfunction in premature infants with BPD. Further longitudinal studies of TD echocardiographic assessments of cardiac function in premature infants with BPD are merited.
